Over the past decade, a suite of new massspectrometry-based proteomics methods has been developed that now enables the conformational properties of proteins and protein− ligand complexes to be studied in complex biological mixtures, from cell lysates to intact cells. Highlighted here are seven of the techniques in this new toolbox. These techniques include chemical cross-linking (XL−MS), hydroxyl radical footprinting (HRF), Drug Affinity Responsive Target Stability (DARTS), Limited Proteolysis (LiP), Pulse Proteolysis (PP), Stability of Proteins from Rates of Oxidation (SPROX), and Thermal Proteome Profiling (TPP). The above techniques all rely on conventional bottom-up proteomics strategies for peptide sequencing and protein identification. However, they have required the development of unconventional proteomic data analysis strategies. Discussed here are the current technical challenges associated with these different data analysis strategies as well as the relative analytical capabilities of the different techniques. The new biophysical capabilities that the above techniques bring to bear on proteomic research are also highlighted in the context of several different application areas in which these techniques have been used, including the study of protein ligand binding interactions (e.g., protein target discovery studies and protein interaction network analyses) and the characterization of biological states. Figure 4. IC-FPOP flow cell schematic. Optimal conditions were observed with a 10:1 sheath buffer to cellular analyte ratio (capillary in dark blue and window for laser light in light blue). Single-cell flow after exit from the cross is depicted in the inset. Adapted with permission from ref 42.
INTRODUCTION
Over the past decade, a new toolbox of mass-spectrometrybased techniques has been established for probing the conformational properties of proteins on the proteomic scale. These techniques have involved different combinations of protease digestion, chemical modification, protein precipitation, chemical denaturation, and thermal denaturation strategies with quantitative mass-spectrometry-based proteomics platforms. This new toolbox of proteomics techniques has enabled the study of conformational properties of proteins and protein−ligand binding interactions on the proteomic scale using a whole-cell approach.
For many years, protein structure and protein−ligand binding interactions have been studied using purified systems. Such studies have revealed a vast amount of information on protein folding, structure, and protein−ligand binding interactions. However, the environmental differences between dilute solutions and the densely packed cellular environment raise the question as to whether these in vitro studies provide physiologically relevant structural and functional information. 1 Macromolecular crowding in the cell, for example, plays a major role in protein interactions exerting influence on conformational distributions, protein stabilization, specificity of interactions, and diffusion of molecules. 2−4 It is also believed that even weak/nonspecific interactions of proteins with various components of the densely packed cellular environment (e.g., other proteins and small molecules) can alter the different conformational states that proteins populate in the cell. 5, 6 These interactions are not present in the purified protein systems that have been extensively used to study conformational properties of proteins using traditional biophysical methods (i.e., circular dichroism, fluorescence, nuclear magnetic resonance) or even using a more recent method, hydrogen−deuterium exchange coupled to mass spectrometry (HDX−MS) and other mass spectrometrybased methods. The growing number of studies documenting the effects of the cellular environment on protein structure and function underscores the importance of using a whole-cell approach to study proteins. 5, 7, 8 Highlighted in this Perspective are a series of seven experimental methods for characterizing the conformational properties of proteins on the proteomic scale using a whole-cell approach. The methods, which are divided here into two different families, have created a new field of proteomics research that we coin proteome-wide structural biology. One family of methods driving this new field is composed of limited proteolysis and covalent labeling strategies that involve the use of either a low concentration of or no protein denaturant ( Figure 1 ). Included in this family of methods are the chemical cross-linking (XL−MS), 9 hydroxyl radical footprinting, 10, 11 Drug Affinity Responsive Target Stability (DARTS), 12 and Limited Proteolysis (LiP) 13, 14 techniques. These techniques all probe the local structural features of proteins and protein interactions of proteins. The second family of methods driving this new field of proteome-wide structural biology includes the Pulse Proteolysis (PP), 15−18 Stability of Proteins from Rates of Oxidation (SPROX), 19, 20 and Thermal Proteome Profiling (TPP) 21 techniques (Figure 2 ). The techniques in this second family of methods utilize a protein denaturant and probe the global unfolding/refolding reactions of proteins.
Common to all of the techniques highlighted here is their exploitation of conventional bottom-up proteomics methods. However, their unique experimental workflows have required the development of unconventional proteomic data analysis strategies. These strategies and the different data analysis challenges associated with each technique are discussed here, as are the new biophysical capabilities that the above techniques bring to proteomic research. The goal of this Perspective is to educate the reader on the differences and similarities between the different approaches and to introduce the new field of proteome-wide structural biology that these techniques have created. Thus also highlighted are representative studies illustrating the advantages, disadvantages, and existing challenges of the different techniques and several different application areas including the study of protein− ligand binding interactions (e.g., protein target discovery studies and protein interaction network analyses) and the characterization of biological states, such as those associated with normal biological processes and different diseases.
EXPERIMENTAL WORKFLOWS
Described below are the different combinations of protease digestion, chemical modification, protein precipitation, chemical denaturation, thermal denaturation, and bottom-up proteomics strategies that are employed in the experimental workflows of the seven different methods covered here. Summarized in Table 1 are several important technical features associated with each experimental workflow. Summarized in Table 2 are the different types of biophysical information that each technique generates and the applications in which they have so far been used.
Native State Approaches XL−MS. XL−MS has been applied to a number of purified proteins and protein complexes over the last several decades, 22, 23 and it was one of the first covalent labeling approaches for protein conformational analyses to be used on the proteomic scale. 24−26 The experimental workflow in XL− MS experiments ( Figure 1 ) involves treating the protein sample with a chemical cross-linking reagent containing two or more protein-reactive functional groups (e.g., thiol-reactive maleimides, carboxyl group reactive diazoacetate-esters, or amine reactive N-hydroxysuccinimide (NHS) esters) that are connected by a linker region. Ultimately, the sites of inter-and intraprotein cross-links are defined using the cross-linked peptides detected in a bottom-up proteomics analysis of the sample. Cross-linkers containing various reactive groups and linker lengths have been developed and used to achieve spatial information on proteins and protein−protein complexes. 27−31 In recent years, there have been an increasing number of in vivo XL−MS applications studying protein interactions in the native cellular environment. 27−32 Several recently developed XL−MS approaches, including the protein interaction (PIR) technology, 33 the incorporation of photoreactive cross-linkers into proteins during translation in cell culture, 32 and the use of disuccinimdyl dibutyric acid (DBSU), 34 have greatly improved the detection and identification of cross-linked peptides in proteome-wide XL−MS experiments. 9,35−38 HRF. Another covalent labeling method for studying protein interactions is hydroxyl-radical footprinting (HRF). This method utilizes hydroxyl radicals to oxidatively modify solvent-accessible sites in proteins ( Figure 1 ). The changes in solvent accessibility resulting from ligand binding or from a structural change induced by a different biological state can be used to identify interaction sites and regions of conformational change. Multiple methods have been used to generate hydroxyl radicals including synchrotron radiation, 39 laser photolysis of hydrogen peroxide, 40 and UV irradiation. 41 Two laser-based methods for generating hydroxyl radicals, fast photochemical oxidation of proteins (FPOP) 11, 42 and nanosecond laser photolysis, 43 have proven especially useful in HRF applications to proteins in intact cells. Ultimately, the sites of modification, which can include the side chains of 17 of the 20 amino acids, are identified using a bottom-up proteomics analysis.
DARTS. The DARTS approach is a limited proteolysisbased strategy that was originally developed to identify protein targets of small molecules. 12 It is based on the premise that drug binding induces conformational changes in proteins that either increase or decrease the susceptibility of the protein to proteolytic digestion with a nonspecific protease (e.g., thermolysin or proteinase K). In the original DARTS workflow, proteins with different cleavage patterns in the presence and absence of ligand were identified using a gelbased proteomics readout ( Figure 1 ). 12 More recently several gel-free LC−MS/MS-based proteomics approaches have been proposed and successfully demonstrated with DARTS. 44, 45 The LC−MS/MS approaches in DARTS (whether they are gel-based or gel-fee) are protein-centered. That is, the bottomup proteomics data generated in the LC−MS/MS analyses are used to generate quantitative information about the proteins to which they map.
LiP. The LiP experiment 46 is fundamentally similar to DARTS. As in DARTS, the LiP experiment involves treating the protein samples under study (e.g., a cell lysate in the presence and in the absence of a test ligand) with a nonspecific protease (e.g., thermolysin or proteinase K) under solution conditions in which the proteins in the sample are in their native state. The nonspecific proteolysis reaction is quenched, and the differential cleavage pattern observed between the protein samples is determined using bottom-up proteomics methods. In contrast with DARTS, the LC−MS/MS readout in the bottom-up proteomics analysis is peptide-centered. That is, the differential cleavage patterns are directly ascertained from the tryptic (and semitryptic) peptides identified and quantified in the bottom-up proteomics analysis ( Figure 1 ). Spectral counting, 46 SRM, 46 and SILAC 14 have all been employed in LiP experiments to quantify the relative amounts of fully (and semi-) tryptic peptides generated in the test protein samples.
Denaturation-Based Approaches
PP. PP is also a limited proteolysis-based approach. However, it is conceptually different than the DARTS and LiP techniques. In PP, the chemical denaturant dependence of a nonspecific proteolytic digestion reaction is used to evaluate the thermodynamic properties of a protein's folding reaction. 47 The PP protocol involves incubating the protein sample in a series of buffers containing increasing concentrations of urea and then treating the samples with a nonspecific protease (e.g., thermolysin) to selectively digest the unfolded protein population in each urea-containing buffer ( Figure 2 ). Proteome-wide applications of PP have utilized several different mass-spectrometry-or gel-based readouts to quantify the relative amount of intact protein in each protein sample. 15−18 These readouts have included: (i) the use of a 2D gel electrophoresis strategy for the differential analyses of gel band intensities; 15 (ii) the use of a fractionation strategy prior to the use of 1D gel electrophoresis; 16 (iii) the use of a SILAC quantitation strategy using 1D gel electrophoresis; 17 or (iv) the use of a filter-assisted sample preparation (FASP) protocol in combination with tandem mass tags (TMT) labels. 18 An important step in all of the above PP workflows is the separation of the digestion products (i.e., protein fragments) from the intact proteins in the denaturantcontaining protein samples, which must be must be done prior to subjecting them to bottom-up proteomics analysis. Also, as in DARTS, the quantitative bottom-up proteomics analysis in PP is protein-centered.
SPROX. SPROX is a covalent labeling technique that involves protein oxidation like HRF. However, the oxidation reaction conditions in SPROX are significantly milder than those used in HRF. The SPROX technique utilizes a chemical denaturant in much the same way as PP. However, in SPROX, it is the chemical denaturant dependence of a highly selective methionine oxidation reaction involving hydrogen peroxide that is used to report on the thermodynamic properties of a protein's folding reaction. 48 The SPROX protocol involves equilibrating the protein sample in a series of buffers containing increasing concentrations of a chemical denaturant (e.g., GdmCl or urea) and then treating the samples with hydrogen peroxide using reaction conditions under which the primary site of oxidation is the thioether group in the side chain of methionine residues that become solvent-exposed as proteins in the denaturant-containing buffers are unfolded ( Figure 2 ). Proteome-wide applications of SPROX have utilized either isobaric mass tags 48 or SILAC 20 to quantify the extent of methionine oxidation as a function of chemical denaturant. This is accomplished using standard bottom-up proteomics methods and ultimately measuring the relative quantity of unoxidized methionine-containing peptides (or oxidized methionine-containing peptides) in the different denaturant-containing protein samples. To facilitate the detection and quantitation of methionine-containing peptides in quantitative LC−MS/MS analyses of SPROX samples, a methionine-containing peptide enrichment strategy can be incorporated into the SPROX protocol. 49 TPP. In TPP experiments, the temperature dependence of a protein aggregation reaction is used to report on the thermal denaturation properties of proteins. 50, 51 The TPP protocol involves incubating the protein sample at a series of different temperatures for a given time (typically 3 min) ( Figure 2 ). After cooling the samples to room temperature, the proteins that are unfolded at a given temperature aggregate, and the aggregated proteins at each temperature are separated from the soluble (folded) proteins in an ultracentrifugation step. The soluble proteins recovered at each temperature are quantified in a quantitative bottom-up proteomics analysis using isobaric mass tags. 51 The aggregated proteins that are removed from solution during the ultracentrifugation step can also be quantified in a quantitative bottom-up proteomics analysis also using isobaric mass tags. 52 The TPP approach has also been combined with a differential in-gel electrophoresis (DIGE) readout to identify differentially stabilized proteins in two different samples (e.g., cells incubated with and without drug). 53 The quantitative bottom-up proteomics strategies used in TPP experiments are protein-centered (i.e., data collected on the peptides in the LC−MS/MS readout are used to quantify the precipitated protein).
DATA ACQUISITION AND ANALYSIS
The above techniques all rely on standard bottom-up proteomics methods for peptide and protein identification and quantitation. Therefore, all of the current limitations and challenges associated with using bottom-up proteomics methods are at play in each technique. For example, peptide and protein coverages in the different techniques are all limited by the speed and sensitivity of existing mass-spectrometry instrumentation. Fundamentally, the protein-centered readouts in TPP, PP, and DARTS are similar to those used in conventional bottom-up proteomics analyses. However, as discussed below, the SPROX, LiP, HRF, and XL−MS techniques have additional limitations and challenges associated with their peptide-centered readouts. All of the techniques have unique data analysis strategies with different challenges, which are also highlighted below.
Peptide Detection
The SPROX, LiP, HRF, and XL−MS techniques all rely on the detection of specific peptides in the bottom-up proteomics experiment. The SPROX technique requires the detection of methionine-containing peptides. The LiP and HRF techniques require the detection of specific peptide(s) that include the sites of proteolysis or oxidation, respectively, and the XL−MS technique requires the detection of the specific peptides that are cross-linked. On the one hand, this means that the SPROX, LiP, HRF, and XL−MS techniques can provide site-specific information about the location of a detected conformational change in a protein. On the other hand, this makes the bottomup proteomics analysis in these experiments especially challenging because the specific peptides that need to be detected typically represent only a fraction of the peptides present in the bottom-up proteomics samples generated in these techniques. Thus the detection of these specific peptides is difficult using shot-gun proteomics methods, and ultimately the scope of these techniques can be limited by high falsenegative rates.
Strategies to enrich for the methionine-containing peptides in SPROX and the cross-linked peptides in XL−MS have been developed and found to significantly increase the scope of these techniques. 9, 49, 54 Enrichment strategies for the proteolyzed peptides in LiP and the chemically modified peptides in HRF would also help expand the scope of these techniques and lower false-negative rates. However, no such enrichment strategies for the proteolyzed and oxidized peptides generated in LiP and FPOP, respectively, have been reported to date. In a recent nanosecond laser photolysis-based HRF experiment, immunoprecipitation was used as an enrichment strategy. However, Western blot analysis showed a decrease in protein detected after the pull down. This observation was consistent with a decrease in binding affinity upon oxidation, and it highlights the difficulty in using enrichment strategies with HRF methods. 43 
Peptide Identification
The peptide-centered readouts in XL−MS and HRF present a formidable challenge from a bioinformatics perspective. The cross-linked peptides generated in XL−MS and the chemically modified peptides generated in HRF can be difficult to identify using conventional bottom-up proteomics methods for data acquisition and analysis. The PIR technology developed for XL−MS experiments not only helps overcome the "needle in a haystack" problem with the low abundance of cross-linked peptides but also facilitates data analysis ( Figure 3 ). Using an MS method termed ReACT, precursor ions are subject to a low-energy fragmentation event that releases the two crosslinked peptides as well as a reporter ion of specific mass. 55 In the resulting MS 2 spectra, the summation of the mass of the reporter ion plus the two released peptides is searched in real time. The released peptides are then fragmented further via MS 3 analysis. For each MS 2 spectra, two MS 3 spectra are recorded, one for each of the cross-linked peptides. Database searching is then performed on the resulting MS 3 spectra for the identification of cross-linked peptides. 56 For other types of cross-links, specialized software has been developed to identify cross-linked peptides. 56 These include StavroX 57 and Xlink Analyzer. 58 In HRF experiments, many different amino acids can be modified, and several residues can undergo multiple modification types. This not only increases the complexity of the data but also increases the search space for peptide identification. Several platforms have been used for data analysis of in vitro data including commonly used software such as Mascot, 59 Proteome Discoverer, 60 and Byonic. 61 Other platforms, such as ProtMap MS, 62 were specifically developed for analyzing HRF data. For IC-FPOP, the search space is further increased owing to the large number of peptides present in the cell lysate. A multilevel strategy with stringent filters is typically used to reduce search times and limit falsepositives. 42 In this strategy, unmodified peptides are searched in the first level. In subsequent levels, different modifications are searched (e.g., +16 modifications in level two and +14 modifications in level 3). Using the multilevel strategy reduces the data search time for IC-FPOP while still searching the entire complement of possible modifications.
Peptide Quantitation
The peptide-centered readouts in the SPROX and LiP techniques create a unique challenge for the quantitative data analysis strategies used with these techniques. In both SPROX and LiP experiments, the quantitative LC−MS/MS data from a single peptide are used for hit selection. This is in contrast with more conventional, quantitative bottom-up proteomics analyses (e.g., protein expression level analyses) as well as the TPP and PP techniques, in which the quantitative LC−MS/MS data from multiple peptides derived from the same protein can be used for the analysis. Using the quantitative LC−MS/MS data from a single peptide for hit selection in SPROX and LiP makes these techniques especially vulnerable to the pitfalls associated with quantitative bottom-up proteomics analyses (e.g., isomass peptide interferences in isobaric mass tagging strategies). This can adversely impact the false-positive and false-negative rates of these techniques. To help differentiate false-positive from true-positives in LiP and SPROX experiments, the number of biological and technical replicates can be increased, or consistent hit behavior can be required between wild-type and oxidized methionine-containing peptide pairs in SPROX and between tryptic and semitryptic peptide pairs in LiP.
Data Analysis
The quantitative data analysis strategies used for hit selection (e.g., the identification of protein conformational changes) in DARTS, LiPs, HRF, and XL−MS require evaluating the relative amount of a given peptide in two different samples (e.g., one in the presence of ligand and one not). The differential amounts of specific peptides (e.g., those that are nonspecifically digested with a protease in DARTS and LiPs and those that are chemically modified in HRF and XL−MS) directly report on the different conformational properties of the proteins to which they map (e.g., more or less solvent exposed in the DARTS, LiPs, and HRF experiments and crosslinked or not cross-linked in the XL−MS experiment). The quantitative proteomics strategies employed in the DARTS, LiPs, HRF, and XL−MS (e.g., spectral counting, stable isotope labeling, and label-free methods) are fundamentally very similar to those used in conventional bottom-up proteomics, although they have some unique challenges (see above).
The quantitative data analysis strategies used for hit selection in SPROX, TPP, and PP are notably different from conventional bottom-up proteomics methods. In traditional quantitative bottom-up proteomics analyses the expected change in protein concentration from sample to sample is unknown. However, the expected data structure in SPROX, TPP, and PP experiments is known. The protein denaturation curves generated using these techniques are sigmoidal (see Figure 2 ) because the protein folding reactions on which they report are cooperative. Ultimately, the chemical denaturant concentration (in SPROX and PP) or the temperature (in TPP) at the transition midpoint (see Figure 2) is extracted from the denaturation curves generated in SPROX, TPP, and PP. In SPROX and PP this chemical denaturant concentration can be used to calculate thermodynamic parameters such as a protein folding free energy or the dissociation constant of a protein−ligand complex. 47,48,63−65 The expected structure of SPROX, TPP, and PP data facilitates the determination of transition midpoints. For example, because the general structure of the data is known, outliers in the data can be more easily identified and dealt with than in conventional bottom-up proteomics experiments. It also means that the precision of the data points defining the protein denaturation curves generated in these techniques can be increased using normalizations based on global analyses of the data. For example, in SPROX, the isobaric mass tag data generated on the methionine-containing peptides can be subject to a normalization based on the non-methioninecontaining peptides, which are not expected to change from denaturant sample to denaturant sample. 48, 66 "Super denaturation curves" generated using all of the data from all of the proteins in a sample have also been used to normalize the denaturation curves generated for individual proteins in TPP. 51 
Proteome Coverage
The peptides identified in the bottom-up proteomic readouts employed for all of the techniques highlighted here ultimately report on the conformational properties of the proteins to which they map. Thus a high number of identified peptides and proteins is required for in-depth proteome-wide structural information. TPP is perhaps the most comprehensive of the methods (see Table 1 ) because the proteomic coverage is only limited by the usual constraints of bottom-up proteomics, whereas other methods have more unique limitations. As described above, SPROX relies on the detection of methionine-containing peptides, LiP relies on the detection of tryptic (or semitryptic) peptides covering the specific site of proteolytic cleavage, HRF relies on the detection of tryptic peptides containing the site of modification, and XL−MS relies on the detection of the specific cross-linked peptides in the bottom-up proteomics experiment. No one technique affords full proteome coverage. To date, there have been only a few direct comparisons of the proteomic coverages obtained using the above techniques. 14, 67, 68 Table 1 includes a "rough" comparison of the proteomic coverages that can be obtained using the different techniques. The comparison is "rough" because the cell lines from which the samples were derived are different, as are the mass-spectrometry instrumentation and methods used to acquire the data.
Because of the unique nature of the bottom-up proteomic readouts in each technique, even the techniques that probe similar conformational properties in proteins are expected to the provide some complementary information. For example, whereas the SPROX, TPP, and PP techniques are expected to generate some overlapping hits in protein target discovery experiments, each technique is also likely to assay some unique proteins. The same is also likely to be true of the DARTS and LiP techniques.
EX VIVO VERSUS IN VIVO
All of the techniques highlighted here can be applied to unpurified protein mixtures such as cell lysates. However, only the TPP, HRF, and XL−MS techniques have so far been applied to protein in cells. 10, 27, 51 In-Cell FPOP (IC-FPOP) capitalizes on the fact that hydrogen peroxide readily crosses cellular membranes. This permeation is not limited to just the plasma membrane but extends to the organelle membranes, as well, leading to modifications of proteins in various cellular compartments such as the cytoplasm, nucleus, and mitochondria, among others. 42 Cell viability assays have demonstrated that IC-FPOP probes live cells. For example, it has been shown that in the time frame of the IC-FPOP experiment, >70% of Vero cells were still viable in the presence 20 mM hydrogen peroxide. 11 Also, critical to the success of IC-FPOP experiments was the development of a single-cell flow system ( Figure  4 ) to limit cell clumping and provide equal exposure of cells to laser irradiation. 42 By optimizing the laser frequency and flow rate in IC-FPOP experiments, it has been possible to detect oxidative modifications on over 1300 proteins within the cell. Another attractive feature of IC-FPOP is that the protein modification reactions can be performed on a very fast (i.e., microsecond) time scale. IC-FPOP currently shows great promise for in vivo applications as well using transparent animals such as C. elegans, where laser irradiation can penetrate the organism. Currently, the main hurdles are hydrogen peroxide diffusion in the animal, leading to a limited number of modified proteins.
XL−MS on whole cells has also been demonstrated using both exogenous cross-linkers (e.g., PIR technology) 37, 38, 69, 70 and photoreactive cross-linkers 36, 71 incorporated into proteins during protein translation in cell culture. Critical to the successful use of exogenous cross-linkers is cross-linker solubility and cellular penetration, both of which are dependent on the size of the cross-linker. Cross-linkers with a lower molecular weight tend to have better solubility and cellular penetration, which are crucial for in-cell studies. The penetration of a given cross-linker can also vary depending on the cellular surface, which ultimately increases the variability of cross-linker concentrations in the cell. 9 This becomes a limitation of XL−MS, where not all proteins are equally able to be cross-linked due to cross-linker concentration variability. However, like IC-FPOP, XL−MS experiments on whole cells, especially those involving photoreactive cross-linkers, 30 have the advantage that they can be performed on a relatively fast time-scale, creating the possibility to probe more transient protein−protein interactions.
The TPP approach is also amenable to in vivo analyses. TPP is especially attractive for in vivo analyses of proteins in intact cells because it does not involve the introduction of any exogenous chemical reagents, as is the case in IC-FPOP and XL−MS experiments. The TPP approach has been used in a number of in vivo applications including studies to identify the protein targets of drugs 51,72−75 and even more recently to investigate protein−protein interactions. 76 In TPP, the test cells are typically heated for 3 min at the desired temperatures, cooled for 3 min at 4°C, and lysed, and the cell lysate is subjected to a centrifugation step that takes ∼20 min. Whereas the folding properties of the proteins in the cells are mostly captured during the initial heating and cooling step, the time required for these steps is relatively long (i.e., on the order of minutes) compared with that required to capture the folding properties in IC-FPOP and XL−MS experiments (i.e., on the order of microseconds). This has the potential to compromise the ability of TPP to capture more transient protein−protein interactions present in the cell.
Whole-cell analysis is advantageous because it provides an opportunity to interrogate the quinary structure of proteins that can be perturbed once the plasma membrane is disturbed. Quinary structure resulting from transient protein−protein interactions has been shown to be important for many cellular functions, and tools that can analyze these structures are greatly needed. 5 Although it has yet to be determined whether TPP, IC-FPOP, or XL−MS methods can effectively probe quinary structure, their demonstrated capabilities in whole-cell analysis provide the possibility. Two of the techniques, IC-FPOP and XL−MS methods with photoactivated cross-linkers, have an added advantage that they can be used on relatively short time scales (microsecond time scale). This makes these methods especially well-suited for studying weak, transient interactions like those found in quinary structures.
BIOPHYSICAL INFORMATION Thermodynamic Parameters
The DARTS and LiP techniques provide largely qualitative information about the thermodynamic properties of the protein conformational changes induced by ligands. For example, regions of protein structure that become more or less susceptible to proteolytic digestion in the presence of ligand are generally interpreted as being more or less stable, respectively. The XL−MS and HRF techniques can provide similarly qualitative information based on the differential reactivity of specific regions of protein structure in the presence and absence of ligand. However, the XL−MS and HRF techniques can provide more quantitative information about the structural properties of proteins (see below).
The SPROX, PP, and TPP techniques provide the most quantitative information about the conformational properties of proteins and protein−ligand complexes. The transition midpoints extracted from the protein denaturation curves generated using these techniques (Figure 2) can be used to rank the relative stabilities of different proteins and the relative stability of a given protein under two different biological conditions (e.g., in the presence and absence of ligand) or in two different biological states (e.g., normal cells and cancer cells). The SPROX and PP techniques have the advantage over the TPP technique, that they can be used to evaluate thermodynamic parameters associated with protein folding and ligand binding interactions including protein folding free energies (ΔG f values), binding free energies (ΔΔG f values), and dissociation constants (K d values). 47,48,63−65 The evaluation of these thermodynamic parameters using SPROX and PP is possible because (i) the chemical denaturation of proteins is generally reversible, which means the protein samples in the denaturant-containing buffers are truly at equilibrium, and (ii) the relationship between the folding free energy of a protein and chemical denaturant is well established. 77 This is in contrast with the TPP experiment where (i) the thermal denaturation of proteins is not generally reversible, so the
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Perspective thermally unfolded proteins are not truly at equilibrium, and (ii) there is no general relationship between a protein's melting temperature and its ΔG f value. 51 This also complicates the evaluation of ligand binding affinities using TPP. Even the magnitude of a protein's T m shift upon ligand binding does not always correlate with the ligand binding affinity. 51 The different readouts (i.e., peptide-vs protein-centered) in SPROX, TPP, and PP also mean that the thermodynamic parameters generated using each technique are associated with different conformational properties. For example, the thermodynamic parameters generated in SPROX are generally those associated with the specific structural domains to which the detected methionine-containing peptides map. This is in contrast with the PP and TPP techniques where the thermodynamic parameters generated in these techniques are those defined by the aggregate biophysical properties of the entire protein.
Structural Modeling
Information gained from both XL−MS and HRF can be used as constraints in molecular modeling and structural predictions. In XL−MS, cross-linkers, which have a defined length, provide quantitative information on the proximity of proteins, and these data can provide distance constraints for molecular modeling. One caveat, however, is that structural constraints are not completely translational to topology because the length of the cross-linker represents the maximum distance, whereas the actual interaction may exist closer than the cross-linker length. 33 An additional caveat is that the conformational flexibility of proteins may bias the generation of cross-linked peptides for one conformational state. Despite these caveats, XL−MS constraints have been used to aid modeling studies of the binding interface of proteins in vitro. 78 XL−MS constraints have also been used for de novo modeling of proteins. Kahraman et al. constructed a partial de novo full-length model of human IgBPI using 65 intraprotein cross-links combined with distance restraint data. 79 Five models with the lowest RMSD with respect to the N-terminal domain of the template structure of mouse IgBPI were chosen as the best models for IgBPI.
To date, HRF methods have mainly provided qualitative information about the structural properties of different protein conformational states. However, the use of HRF data as constraints for molecular modeling is an emerging field. One challenge in such an HRF application is that the varying reactivity of residues with hydroxyl radicals can limit the amount of information obtained from the experiment. For example, highly reactive residues may be more highly modified relative to their more solvent-accessible but less reactive neighbors. To overcome this challenge, Huang et al. developed an algorithm to correlate the measured footprinting rate to a protection factor based on residue reactivity with hydroxyl radicals. 80 This protection factor provides a structural view based solely on solvent accessibility providing more quantitative information on the structure. This type of normalization has facilitated the use of HRF data as constraints for molecular modeling. Xie et al. demonstrated the ability to use HRF data to distinguish molecular models of high and low accuracy. 81 Aprahamian et al. recently demonstrated that atomic resolution models of proteins can be obtained when HRF-derived protection factors are used as a score term in Rosetta to predict tertiary structures. 82 
NEW APPLICATION AREAS
Applications of traditional bottom-up proteomics methods have largely focused on protein expression level analyses. Indeed, mass-spectrometry-based protein expression level analysis have been widely used over the past two decades to characterize a range of different biological states 83−97 and drug activities, 98−100 as evidenced by the tens of thousands of publications in this area over the last two decades. Whereas differential protein expression profiling studies can provide some insight into the cellular pathways and potential protein players associated with a biological state or activity of a therapeutic agent, the biological significance of proteins with altered expression levels in different biological states or in response to drug treatments is often dubious because a protein's expression level is not directly tied to its function. Functionally relevant proteins with the same expression levels in different biological states also go undetected using the current paradigm of expression level profiling to characterize such states.
The seven techniques highlighted in this Perspective create a new paradigm for characterizing biological states and drug action. This new paradigm, which is based on protein conformational analyses, has the potential to uncover protein biomarkers and therapeutic targets of disease that are more biologically significant than those currently generated using protein expression level analyses. The close connection between protein folding stability and function was recently illustrated in several SPROX studies, including one on the thermodynamic effects of phosphorylation on the proteins in an MCF-7 cell lysates 101 and another on the proteins in cancer cell lysates. 102 Highlighted below are several application areas where these new proteomics methods are beginning to making an impact.
Protein Target Discovery
A major driving force for the development of many of the techniques described above has been the need for better methods for protein target discovery. The utility of DARTS, SPROX, PP, LiPs, and TPP for identifying the protein targets of drugs and other small-molecule ligands, such as enzyme cofactors, has been well-established in proof-of-principle experiments using a number of different model systems. 12,48,49,51,63,65,103−105 These techniques are also being used in more and more studies to identify the protein targets of potential therapeutic agents with less well understood mechanisms of action. For example, The PP and SPROX techniques were both used to assay over 1000 proteins in a MDA-MB-231 cell lysate grown under hypoxic conditions for interactions with manassantin A, a natural product that has been shown to have anticancer activity in cell-based assays but has a currently unknown mode of action. 67 This work identified a total of 28 protein hits with manassantin-Ainduced thermodynamic stability changes. Of particular note was that two hits (filamin A and elongation factor 1-alpha) were identified with manassantin-A-induced stability changes using both experimental approaches.
The ability to corroborate the hits obtained using one technique with another technique is useful for differentiating true-positives from false-positives. In this regard, the SPROX and PP approaches are especially useful, as they report on the same chemical-denaturant-induced equilibrium unfolding properties of proteins, albeit with different proteomic-readouts. Along these lines, the DART and LiP approaches are expected
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Perspective to be similarly useful for corroborating the hits obtained using one technique with the other. Both approaches rely on a similar limited proteolysis reaction to identify hits; however, the proteomic-readouts employed in each technique are operationally different.
Biological States
The characterization of biological states including those associated with normal biological processes (e.g., aging) and disease (e.g., cancer) is not only fundamentally important but also can facilitate the discovery of novel biomarkers that can be exploited in drug therapies and disease diagnoses. The SPROX methodology was one of the first techniques highlighted here to be applied to the analysis of biological states. Summarized in Figure 5 is the experimental workflow used in these SPROX experiments on biological states, which included those associated with a mouse model of aging and cell culture models of cancer. For example, the SILAC-SPROX technique was used to assay ∼800−1000 proteins for changes in their protein folding behavior in five different cell-line models of breast cancer, including the MCF-10A, MCF-7, MDA-MB-231, BT474, and MDA-MB-468 cell lines. 14, 102, 106 Between 10 and 40% of the proteins assayed in different comparative analyses displayed thermodynamic stability changes in the cell lysates from the different cell lines. The "hit" rates were all significantly higher than the false-positive rate of peptide hit discovery of ∼3% established for SILAC-SPROX. 104 The thermodynamic analyses enabled the benign MCF-10A breast cancer cell line to be differentiated from the MCF-7, MDA-MB-231, BT474, and MDA-MB-468 breast cancer cell lines.
The protein hits with altered stabilities in the different breast cancer cell lines encompassed those with a wide range of functions and protein expression levels, and they included a significant fraction (∼50%) with similar expression levels in the cell line comparisons. One MCF-7 cell-line-specific protein hit, calpain small subunit 1 (CAPNS1), was shown to have greater thermodynamic stability and increased catalytic activity in the MCF-7 cell line, despite no significant change in its expression level. 102 A number of the identified protein hits in the above breast cancer cell-line comparisons were known from other biochemical studies to play a role in tumorigenesis and cancer progression. This not only substantiated the biological significance of the protein hits identified using the SILAC-SPROX approach but also helped elucidate the molecular basis for their dysregulation or dysfunction in cancer. In some cases, the hit proteins created novel molecular signatures of breast cancer and provided additional insight into the molecular basis of the disease. For example, the hit proteins in the MCF-7 versus MDA-MA-231 comparison were enriched in hydrolases, adding to the growing evidence that hydrolases are important for cell growth and invasiveness. 107−109 Significantly, such information could not be gleaned from protein expression level data. 102 In another biological state analysis, the SPROX methodology was also used to profile the thermodynamic stability of over 800 proteins in brain-cell lysates from mice, aged 6 (n = 7) and 18 months (n = 9). 110 The biological variability of the protein stability measurements was low and within the experimental error of SPROX (∼0.1 to 0.2 M GdmCl). In Figure 5 . Schematic representation of the experimental workflow employed in several recent applications of the SPROX methodology to the characterization of biological states including those associated with a mouse model of aging 110 and cell culture models of cancer. 102, 106 Journal of Proteome Research Perspective this work, a total of 83 protein hits were detected with agerelated stability differences in the brain samples. Remarkably, the large majority of the brain protein hits were destabilized in the old mice, and the hits were enriched in proteins that have slow turnover rates. Of particular significance was that a large fraction of the peptide hits (32 of 89) mapped to proteins known to have post-translational modifications, specifically carbonylations or oxidations, related to aging or a neurodegenerative disease with aging as a risk factor. Furthermore, 70% of the hits have been previously linked to aging or agerelated diseases. These results help validate the use of thermodynamic stability measurements to capture relevant age-related proteomic changes and establish a new biophysical link between these proteins and aging.
Protein Interaction Network Analysis
The XL−MS experiment is especially well-suited for the analysis of protein−protein interactions in cells. 38, 69, 111, 112 For a more quantitative approach, Chavez et al. coupled the PIR technology to SILAC (stable isotope labeling by amino acids in cell culture) to perform quantitative XL−MS (qXL−MS) for studying large-scale protein structural changes and interactions in cells ( Figure 6 ). 113 The addition of SILAC allows for a comparison between a drug-resistance cancer cell line and a drug-sensitive parental cell line. This technique allows quantification of cross-linked peptide pairs by either MS 1based or targeted MS 2 -based (parallel reaction monitoring (PRM)) methods ( Figure 6 ). In a recent report, this qXL−MS approach was employed to study the inter-and intramolecular protein−protein interactions of Hsp90 upon treatment with a known Hsp90 inhibitor, 17-N-allylamino-17-demthoxygeldanamycin (17-AAG). 69 Interestingly, there were differences in the conformational properties of the 17-AAG/HS90B complex formed in vitro and in vivo based on the comparison of in vivo and in vitro cross-linking data.
Cell culture studies of protein-interaction networks can provide structural information on proteins within their native environment where cellular crowding effects protein structure and interactions. However, they do not provide significant information on organ-level disease states. In a recent study, XL−MS was applied to proteins in mouse heart tissue samples to identify protein−protein interactions and to provide insight into how protein complexes exist in the context of the mouse heart. 111 This study revealed insights into multiple conformational states of sarcomere proteins as well as interactions among oxidative phosphorylation complexes, suggesting supercomplex assembly. This result highlights how the complex cellular environment can play a critical role in forming protein conformations and interactions that are not observed with purified proteins and complexes.
CONCLUSIONS
This Perspective highlights seven new mass-spectrometrybased technologies used to study protein structure on the proteomic scale. These methods provide information on protein conformations and interactions in the context of their native cellular environment, which is crowded with macromolecules. Although there are similarities between the Figure 6 . Experimental workflow for in-cell XL−MS. Cells are cultured in isotopically light/heavy SILAC media, followed by the addition of PIR cross-linker to the cells in 1:1 mixture of light/heavy cells. The cells are lysed and the cross-linked peptides are enriched via strong cation exchange (SCX). LC−MS analysis by ReACt is used to identify cross-linked peptide pairs, followed by MS 1 -based quantification of light/heavy-cross-linked peptides. The selected cross-linked peptides are analyzed by targeted PRM. The resulting data are used to map the cross-linked peptides and further map the proteins that have been cross-linked. The cross-linked data are then compiled into a protein interaction network, and the cross-links are analyzed in the context of existing structural information of the proteins.
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Perspective methods, including the use of bottom-up proteomic strategies for data analysis, each method has its own unique data analysis challenges. The methods also provide different types of information from qualitative structural data, quantitative thermodynamic information, to structural constraints for molecular modeling. In some cases, using two methods in combination can provide complementary information. In other cases, the use of multiple methods can help increase the proteomic coverage and capture different types of conformational changes (e.g., more global versus more local effects on protein folding and stability). These methods provide access to new application areas for mass spectrometry, including in vivo interaction networks and protein target discovery that is not solely reliant on protein expression changes. As these techniques are further developed and utilized, their applications will be further extended.
